The complete genomic sequence for Arabidopsis provides the opportunity to combine phylogenetic and genomic approaches to study the evolution of gene families in plants. The Aux/IAA and ARF gene families, consisting of 29 and 23 loci in Arabidopsis, respectively, encode proteins that interact to mediate auxin responses and regulate various aspects of plant morphological development. We developed scenarios for the genomic proliferation of the Aux/IAA and ARF families by combining phylogenetic analysis with information on the relationship between each locus and the previously identified duplicated genomic segments in Arabidopsis. This analysis shows that both gene families date back at least to the origin of land plants and that the major Aux/IAA and ARF lineages originated before the monocot-eudicot divergence. We found that the extant Aux/IAA loci arose primarily through segmental duplication events, in sharp contrast to the ARF family and to the general pattern of gene family proliferation in Arabidopsis. Possible explanations for the unusual mode of Aux/IAA duplication include evolutionary constraints imposed by complex interactions among proteins and pathways, or the presence of long-distance cis-regulatory sequences. The antiquity of the two gene families and the unusual mode of Aux/IAA diversification have a number of potential implications for understanding both the functional and evolutionary roles of these genes.
The complete Arabidopsis genomic sequence (The Arabidopsis Genome Initiative, 2000) has opened new avenues for understanding the composition, structure, organization, and evolution of a plant genome. One opportunity it affords is the ability to identify the sequence and genomic context of every member of a given gene family.
Despite the small size of the Arabidopsis genome (approximately 125 Mb), the majority of Arabidopsis genes belong to families containing two or more members. Some of this redundancy can be attributed to ancient, large-scale genomic duplications (Blanc et al., 2000 (Blanc et al., , 2003 The Arabidopsis Genome Initiative, 2000; Vision et al., 2000) . Well over half of the Arabidopsis genome is found in large duplicated blocks, which led to the early suggestion that Arabidopsis was an ancient tetraploid (Blanc et al., 2000; The Arabidopsis Genome Initiative, 2000) . Some chromosomal regions, however, have multiple duplicates, and different pairs of regions appear to be of different ages, both of which argue for the occurrence of multiple independent duplication events (Ku et al., 2000; Vision et al., 2000; Simillion et al., 2002; Blanc et al., 2003) . The most recent large-scale duplication event (almost certainly a genome-wide polyploidization event) occurred more recently than the Brassicaceae-Malvaceae divergence (Blanc et al., 2003; Bowers et al., 2003) approximately 81 to 94 million years ago (Mya; Wikstrom et al., 2001) . Recent reports suggest that the duplication event may have occurred as recently as 40 Mya but is evidently older than the ArabidopsisBrassica divergence (Simillion et al., 2002; Blanc et al., 2003; Bowers et al., 2003) . Remnants of multiple older, large-scale duplication events have been identified Simillion et al., 2002; Blanc et al., 2003; Bowers et al., 2003) , the oldest of which predate the divergence of Arabidopsis and rice (Oryza sativa; Raes et al., 2003) . Most duplicated genes currently found in Arabidopsis, however, appear to have resulted from numerous independent, small-scale duplication events , some of which produced tandem arrays of related genes while others produced dispersed gene families. A large number of such small-scale duplications have likely occurred since the most recent large-scale duplication, and it is reasonable to assume that most such duplications have since reverted to single copy (Lynch and Conery, 2000) .
Two related gene families of interest in Arabidopsis are those coding for the Auxin Response Factor (ARF) and Aux/IAA proteins. The plant hormone auxin regulates development in all major land plant lineages and even the brown alga Fucus (Basu et al., 2002; Cooke et al., 2002) . In angiosperms, auxin exerts its effect in part by inducing or repressing expression of numerous genes. ARF and Aux/IAA proteins are known to mediate auxin gene expression responses. Most ARF proteins have a conserved DNA-binding domain that recognizes auxin response elements (AuxREs) present in promoters; a middle domain that is highly divergent but, in all cases tested, has transcription activation or repression activity; and a C-terminal domain containing two motifs, called III and IV, that can mediate dimerization (Ulmasov et al., 1999a (Ulmasov et al., , 1999b Hagen and Guilfoyle, 2002) . The Aux/ IAA gene family has been intensively studied in Arabidopsis and also to varying degrees in a number of other plants, including pea (Pisum sativum), soybean (Glycine max), tobacco (Nicotiana tabacum), cucumber (Cucumis sativus), and rice (Abel et al., 1995; Reed, 2001) . Mutations in various family members have a variety of phenotypic effects on plant morphology and development (Reed, 2001) . Completion of the Arabidopsis genome sequence has expanded the known complement of the Aux/IAA family to 29 loci and the ARF family to 23 loci.
Biochemical and genetic studies in Arabidopsis and other species have led to a working model for how these proteins mediate auxin responses (Gray et al., 2001; Tiwari et al., 2001 Tiwari et al., , 2003 Hagen and Guilfoyle, 2002; Tian et al., 2003) . In this model, ARF proteins bind to AuxREs in gene promoters and can either activate or repress transcription, depending on the middle domain they contain. When auxin levels are low, Aux/IAA proteins dimerize with ARF activators and thereby repress their activity. Auxin stimulates turnover of Aux/IAA proteins by increasing their interaction with the SCF TIR1 ubiquitin ligase, leading to their ubiquitination and degradation. This releases the ARFs from inhibition, allowing activation of gene expression. Auxin induces many genes encoding Aux/IAA proteins, and this model thus incorporates negative feedback loops. The model is based on study of just a few ARF and Aux/IAA proteins but provides a framework for understanding how multiple members of these families may function.
In this article, we combine a molecular phylogenetic analysis of the Aux/IAA and ARF families with information on genomic duplications in Arabidopsis in order to place the origin and proliferation of these two families with respect to the timing of major divergence and genomic duplication events in the Arabidopsis lineage. By comparing the complete set of Aux/IAA loci from Arabidopsis with sequences from other plants, we show that several extant lineages of Aux/IAA and ARF loci diverged long before the monocot-eudicot divergence and that the Aux/IAA family dates back at least to the origin of land plants. We show that surviving genes in the Aux/IAA family, but not the ARF family, arose predominantly through large-scale genomic duplication events. This unusual mode of diversification in the Aux/IAA family suggests several hypotheses, including the presence of unique functional constraints between members of this gene family and other unidentified loci or the presence of long-distance cis-regulatory sequences.
RESULTS

Phylogeny of the Arabidopsis Aux/IAA Family
We used neighbor-joining analysis to reconstruct phylogenetic trees of 28 Arabidopsis Aux/IAA translated sequences, excluding IAA33, which contains only portions of motifs III and IV. In order to identify the root position for the tree, motifs III and IV of seven representative ARF sequences were included as an outgroup under the assumption that the Aux/IAA and ARF families are sister to each other. The Aux/IAA and ARF sequences formed two separate clusters with moderate (63%) bootstrap support within the combined IAA-ARF neighbor-joining tree (data not shown). The deeper branches within the Aux/IAA cluster of the combined tree had poor bootstrap support, making the correct placement of the root uncertain. However, the root position between the IAA32-34 cluster and the remaining Aux/IAA loci was identical in both neighbor-joining and strict consensus maximum parsimony trees. Moreover, IAA32 and IAA34 are among the most divergent Aux/IAA loci in their overall organization as well, as both loci lack motif II and a putative bipartite nuclear localization signal, and IAA32 also lacks a recognizable motif I.
We analyzed the Aux/IAA family phylogeny in more detail, using all sites that could be aligned in at least some subsets of the family, including some sites outside the four conserved motifs. Only the Aux/IAA loci were included in these analyses, and IAA32 and IAA34 were treated as an outgroup to the remaining loci based on the root position inferred from the IAA-ARF alignment. Three analyses using alternate alignments of the more variable regions of the Aux/IAA protein produced only minor differences in the tree topology as described below, indicating that phylogenetic reconstruction was relatively insensitive to alignment uncertainties. The tree constructed from alignment 1 is shown in Figure 1 . Fifteen of the Aux/IAA sequences were joined in a moderately well-supported branch, leading to node e in Figure 1 , consistent with analyses by Abel et al. (1995) and Rogg et al. (2001) . We subsequently refer to this set of loci as group A. The sister IAA28 clade described by Rogg et al. (2001) , however, is paraphyletic in our analysis, consisting of a nested set of subgroups basal to group A. We designate these sequences as group B for the sake of simplicity, while recognizing their apparent paraphyly. Three recently identified loci not included in the Rogg et al. (2001) analysis (IAA29, IAA32, and IAA34), were in turn basal to all other Aux/IAA loci, while three others (IAA20, IAA30, and IAA31) formed one of the nested subgroups within group B. Each of the nested subgroups of group B sequences consisted of three or four sequences with varying degrees of bootstrap Remington et al. support for each. The nested topology of these subgroups had only weak to moderate support. Group A contained four subgroups of loci with varying degrees of bootstrap support, which are represented by nodes l, m, n, and p in Figure 1 . Most of the relationships of the group A subgroups to one another and to IAA15 were poorly resolved. The node l (IAA8-9-27) subgroup was placed as sister to the node p (IAA1-2-3-4) subgroup when alignment 1 was used, was basal to the node n (IAA7-14-16-17) subgroup with alignment 2, and was sister to the node n subgroup with alignment 3. Maximum parsimony methods were also used with alignments 1 and 3, and resulted in identical single minimum-length trees. The maximum parsimony trees were identical in topology to the neighbor-joining tree from alignment 1, except that IAA10 was basal to IAA11-12-13 in the maximum parsimony trees rather than sister to IAA11 as in the neighbor-joining trees (data not shown).
Twenty of the 28 Aux/IAA loci formed 10 sister pairs in the neighbor-joining reconstructions, 9 of which had strong bootstrap support ($96% in all three trees). Five pairs of sister loci (IAA1 and IAA2; IAA3/SHY2 and IAA4; IAA6 and IAA19/MSG2; IAA12/BDL and IAA13; and IAA20 and IAA30) are highly similar in stretches of their upstream flanking regions (Fig. 2) . In the first four of these pairs, the regions of apparent homology contain multiple putative AuxREs, with matches of five out of six nucleotides or better to the consensus TGTCTC sequence (Ulmasov et al., 1999a (Ulmasov et al., , 1999b in either forward or reverse orientation. Each of these conserved regions is located approximately 200 to Figure 1 . Neighbor-joining tree of Arabidopsis Aux/IAA sequences, using alignment 1 of three alternate alignments. The position of the root was determined from an outgroup consisting of seven ARF loci. The percent bootstrap support for 500 replicates is shown below each branch with .50% support. A question mark (?) denotes a branch that was not supported in trees constructed from alignment 2 and/or 3. All duplicated blocks per Vision et al. (2000) , in which each sequence occurs, and the estimated age class (in parentheses) are listed after each locus name and are in bold if another Aux/IAA sequence is present in the block. Branches from the same putative chromosomal or local duplication are shown in the same color. 300 bp upstream of the start codon. By contrast, the region conserved between IAA20 and IAA30 is located much farther upstream and each of these loci contains only one potential and possibly spurious AuxRE in the conserved region.
Relationship of Aux/IAA Phylogeny to Chromosomal Duplications All 10 of the sister locus pairs in Arabidopsis are located on homologous duplicated chromosomal segments identified by Vision et al. (2000; Figs. 1 and 3) . Two nonsister sequence pairs (IAA5 and IAA15, and IAA18 and IAA31) are also located on homologous segments. Only four of the 28 Aux/IAA loci included in our analysis (IAA27/PAP2, IAA16, IAA28, and IAA29) lack any counterpart in a homologous segment, and three of these orphan loci show intriguing relationships to identified blocks. IAA16 and IAA28 are not located within any of the identified blocks but are positioned just beyond the corresponding ends of segments 72a and 72b, respectively. IAA27/PAP2 is located on segment 49b, just beyond the identified terminus of segment 5b, which includes IAA11. Thus, it is possible that IAA27/PAP2 is a descendant of the block 5 duplication, from which IAA11 also arose.
Some blocks contain multiple sets of IAA genes, suggesting the occurrence of tandem or local duplications prior to the chromosomal block duplications. Block 30 contains pairs of both group A (IAA6 and IAA19/MSG2) and group B (IAA18 and IAA26/PAP1) genes. IAA18 also falls within segment 29a, and IAA31 (in a separate subgroup of group B) is in segment 29b. Blocks 29 and 30 appear to represent the duplication of a single ancestral chromosomal segment. Segments 29a and 30a overlap slightly, and segment 29b is immediately adjacent to segment 30b but is inverted relative to the 29a-30a orientation. Segment 29b may have been inverted and partially duplicated after the segmental duplication. Both blocks belong to the same inferred age classes Blanc et al., 2003) . The region of chromosome 1, encompassed by segments 5a, 6a, and 7a, has four sequences (IAA3/ SHY2 and IAA17/AXR3 in group A, and IAA10 and IAA12/BDL in group B). IAA10, IAA12/BDL, and IAA3/ SHY2 have sister duplicates in segments 5b (IAA11), 6b (IAA13), and 7b (IAA4), respectively, which lie on chromosomes 4, 5, and 2. Moreover, IAA17/AXR3 and the IAA3/SHY2-IAA4 sister pair are sibling to the IAA7/ AXR2-IAA14/SLR and IAA2-IAA1 sister pairs, respectively, each located in block 77. IAA3/SHY2 and IAA17/ AXR3 are immediately adjacent to each other, as are IAA1 and IAA14/SLR, and IAA2 and IAA7/AXR2 are separated by only one predicted open reading frame that lacks experimental confirmation as an expressed gene (Fig. 3) . This pattern provides evidence of multiple rounds of tandem duplication prior to the segmental duplications giving rise to blocks 5, 6, and 7 and that giving rise to block 77.
The occurrence and patterns of duplicated blocks among the Aux/IAA loci provided the opportunity to map possible chromosomal duplication scenarios onto the gene family phylogeny. One such scenario (hereafter referred to as the base reconstruction), which excludes the three basal loci IAA29, IAA32, and IAA34, is presented in Figure 4 . This scenario assumes that the neighbor-joining topology in Figure 1 accurately reflects the order of gene duplication events, and also assumes (1) a block 72 origin for IAA16 and IAA28, (2) that segment 5b can be extended to contain IAA27/ PAP2, and (3) that blocks 29 and 30 represent the same duplication event. The base reconstruction requires 20 separate tandem, block, and/or individual duplication events, including five separate tandem duplications. At least 20 losses of individual duplicated loci during the Aux/IAA evolutionary history are also required. Node c is inferred to be a tandem duplication in our reconstruction methodology (see ''Materials and Methods'' and supplemental material, which can be viewed at www.plantphysiol.org) because the only informative pair of loci for this event (IAA18 and IAA31 in block 29) was not identified as anchor loci for the block 29 duplication Blanc et al., 2003) . We also treated node e as a tandem duplication. The informative pair of loci for this event (IAA5 and IAA15 in block 13) was identified as possible anchor loci Blanc et al., 2003) , but an analysis of aligned nucleotide sequences for these two genes indicated that the level of synonymous substitutions is nearly double that of any of the sister locus pairs (data not shown). Consequently, we considered it more likely that the ancestors of IAA5 and IAA15 were neighboring genes on the ancestral segment of block 13 and arose from an earlier tandem duplication.
We also evaluated an alternate scenario, in which the Aux/IAA tree is rerooted such that the group B sequences are treated as monophyletic, as described by Rogg et al. (2001) . This alternate reconstruction also involves 20 separate duplication events but only 18 losses of duplicated genes (Supplemental Figs. 1 and 2). Additional scenarios involving some changes to weakly supported branches in the phylogenetic tree topology require as few as nine gene losses (data not shown). All of these reconstructions, however, still require multiple rounds of tandem duplication as the initial steps in the proliferation of the nonbasal Aux/ IAA loci, followed by multiple block duplications.
We used the base reconstruction to evaluate the proportion of nontandemly duplicated Aux/IAA loci in which both duplicated loci have been retained (Fig. 4) . At least 24 segmental duplications of Aux/IAA loci involving blocks identified by Vision et al. (2000) must have occurred, including instances in which loci are contained in more than one block. In 12 of these duplications (50%), Aux/IAA loci are represented in both homologous segments. Under the base reconstruction, however, two of these pairs of loci are nonhomeologous, yielding a modified estimate of 26 segmental duplications with retention of both duplicates in ten cases (38%). When all inferred duplication events are considered, the base reconstruction depicts 39 nontandem gene duplications, with both duplicates retained until the next duplication event or until the present in 18 cases (46%). Only two of these gene duplications (represented by nodes h and l) entail duplication events that involve a single inferred ancestral locus and are considered to represent dispersed duplications. The remaining nontandem duplications each involve two or more neighboring loci and so represent segmental duplications. Several of these duplication events (those containing nodes f, g, m, n, o, and p) were not identified by Vision et al. (2000) but are directly or indirectly suggested in the more recent analysis of Blanc et al. (2003) .
Relationship of ARF Phylogeny to Chromosomal Duplications
We used a similar approach to reconstruct the phylogeny of 23 Arabidopsis ARF sequences and evaluate their association with duplicate chromosomal blocks (Fig. 5) . In contrast with the Aux/IAA family, only one out of eight ARF sister locus pairs was located in homologous segments. Retained duplicate ARFs were present in only three of 22 blocks containing ARFs (14%). Seven of the eight class I# ARF loci comprising a single cluster (Fig. 5, node o) are located near each other in a region proximal to the chromosome 1 centromere and appear to be the products of a recent series of tandem duplications (Hagen and Guilfoyle, 2002) . The relative branch lengths indicate that this cluster has evolved more rapidly than the remainder of the ARF family. One of the loci (ARF 23) contains a premature stop codon, indicating that it is probably a pseudogene.
Phylogenetic Relationships of Arabidopsis, Medicago truncatula, Rice, and Bryophyte Aux/IAA Sequences In order to evaluate the divergence dates among the Arabidopsis Aux/IAA loci, we expanded the neighborjoining analysis to include Aux/IAA sequences from other taxa: 15 Aux/IAA sequences from the legume M. truncatula, 12 sequences from rice, one from the bryophyte Physcomitrella patens (Imaizumi et al., Figure 5 . Neighbor-joining tree of Arabidopsis ARF loci. The percent bootstrap support for 500 replicates is shown below each branch with .50% support. All duplicated blocks per Vision et al. (2000) , in which each sequence occurs, and the estimated age class (in parentheses) are listed after each locus name and are in bold if another ARF sequence is present in the block. Branches from the same putative chromosomal or local duplication are shown in the same colors. Diamonds denote positions of branches leading to one or more rice ARF loci. Numbers in parentheses above branches indicate percent bootstap support for rice ARF positions with .50% support.
Contrasting Aux/IAA and ARF Gene Family Diversification 2002), and a sequence from Pinus pinaster. In three phylogenetic reconstructions from alternative alignments (Fig. 6 ), M. truncatula sequences, either singly or in pairs, were unambiguously resolved as sister to four of the Arabidopsis Aux/IAA sister pairs, and occurred in more ambiguous positions basal to three additional Arabidopsis sister pairs. No M. truncatula loci were sister to individual Arabidopsis loci among the 10 sister pairs. These results provide evidence that the most recent round of Arabidopsis chromosomal duplication occurred after the eurosids I/II divergence separated the Arabidopsis and M. truncatula lineages approximately 96 to 113 Mya (Wikstrom et al., 2001) , consistent with a number of recent studies (Blanc et al., 2003; Bowers et al., 2003; Raes et al., 2003) .
Placement of most of the rice Aux/IAA sequences was ambiguous, due in part to the poor resolution of the main Arabidopsis group A subgroups. However, rice sequences occurred in consistent positions sister to IAA7-14-17 and IAA18-26, and IAA31. Paradoxically, one rice sequence (OsTIGR7) was sister to IAA26/ PAP1, a member of an Arabidopsis sister pair, but OsTIGR7 appears to be a partial sequence containing only the motif III-IV region, and its placement may be an artifact of estimating divergence from partial sequence data. Two of the M. truncatula sequences (MtTC38883 and MtNF051G11) also appear to be incomplete, which may affect the accuracy of their placement in the phylogenetic reconstruction. These results do suggest that the major subgroups within the group A and group B sequences, and even the divergence of IAA16 from the IAA7-14-17 cluster and the divergence of IAA28 from IAA18-26, occurred before the divergence of the two lineages leading to Arabidopsis and rice 136 to 168 Mya (Wikstrom et al., 2001) . A few of the date ranges for Arabidopsis chromosomal duplications implied by these data conflict with the initial estimates of Vision et al. (2000;  see ''Discussion''). The P. patens sequence is well supported as part of the cluster containing the group A genes, but basal to group A loci themselves. The very existence of an Aux/IAA locus in this bryophyte shows that the Aux/ IAA family dates back at least to the origin of land plants, and its position in the tree suggests that the Figure 6 . Consensus of three neighbor-joining trees of Aux/IAA loci from Arabidopsis, M. truncatula, rice, P. patens, and P. pinaster, derived from three alternate alignments of less-conserved regions. Branches shown in green had less than 50% bootstrap support in at least one of the three reconstructions. Clusters consisting only of Arabidopsis loci are shown as a single branch. Half brackets denote clusters of non-Arabidopsis loci whose placement in all three trees indicates a lineage that has been lost in Arabidopsis. The OsTIGR7, MtTC38883, and MtNF051G11 sequences (shown in square brackets) are substantially incomplete, which could affect their placement.
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family may be much older. The P. pinaster sequence was nested within the group A sequences in all three reconstructions, but its placement was inconsistent and lacked bootstrap support.
Some of the M. truncatula and rice sequences occurred in more basal positions relative to those described above (Fig. 6 ) and appear to represent at least two additional Aux/IAA subgroups that lack Arabidopsis counterparts. These subgroups could correspond to lost lineages in the base reconstruction depicted in Figure 4 .
When 14 rice ARF sequences were included in the phylogenetic analysis of ARF loci, all occurred in positions that suggested sister relationships to eight individual Arabidopsis ARF loci or to sister pairs (Fig.  5) . One or more rice ARF loci were paired with individual Arabidopsis ARF loci in three separate sister pairs. This suggests that at least nodes a to j in the ARF phylogeny (Fig. 5 ) represent duplications that occurred prior to the monocot-eudicot divergence. An expressed sequence tag (EST) sequence from P. patens in the public databases (accession no. BQ827439) appears to encode part of an ARF DNA-binding domain. When a BLAST search of the public protein databases was done using BQ827439 as query, the strongest matches were to ARF proteins. However, the sequence fragment was too short to include in our phylogenetic analyses. Our analysis provides a comprehensive phylogenetic reconstruction of the Aux/IAA and ARF gene families. By using a set of ARF sequences as an outgroup, we identified the group B Aux/IAA sequences as a nested set of subgroups basal to a monophyletic group A, rather than a monophyletic sister clade to group A, as was supposed previously (Rogg et al., 2001) . The apparent paraphyly of group B requires either that the ARF and Aux/IAA loci are sister gene families or that the Aux/IAA family arose from an ancestral ARF locus. Alternatively, the ARF family could have originated from an ancestral Aux/IAA locus via substitution of N-terminal regions. The N-terminal DNA-binding domain in ARF proteins is homologous to the B3 DNA-binding domain found in other families of plant proteins (Hagen and Guilfoyle, 2002) . Under this scenario, the P. patens Aux/IAA sequence could conceivably be basal to all the Aux/IAA and ARF loci, resulting in a monophyletic group consisting of the group B Aux/IAA loci plus the ARF family, IAA29, IAA32, and IAA34, that is sister to the group A loci.
The evidence that P. patens also contains an ARF locus, however, makes monophyly of group B unlikely. The existence of a P. patens ARF locus, combined with the position of the P. patens Aux/IAA sequence, requires that the IAA-ARF divergence must at least predate the origin of group A (Fig. 1, node g ). Consequently, the alternate and slightly more parsimonious Aux/IAA evolutionary history scenario that is possible with a monophyletic group B (Supplemental Figs. 1 and 2) also appears to be unlikely. Parsimony alone is not a reliable criterion for reconstruction of gene duplication histories (Gu and Huang, 2002) due to the high rate at which duplicated genes can be individually lost (Lynch and Conery, 2000; Wolfe, 2001) . For example, parsimony criteria have been shown to favor an almost certainly incorrect model of individual gene duplications and translocations, rather than segmental duplications, to explain the patterns observed in the Arabidopsis genome (Gu and Huang, 2002) . Reconciling chromosomal history and gene-family phylogeny, as we have done, minimizes the extent to which the history of gene loss is oversimplified. While our phylogenetic reconstruction itself may be incorrect in some of its details, two lines of evidence suggest that it is at least realistic. First, the base reconstruction (Fig. 4 ) requires 20 losses of duplicate genes in 39 nontandem gene duplications (representing 15 inferred or previously identified blocks). At least 12 of 24 Aux/IAA gene duplication events associated with blocks involve losses of at least one duplicate, so the overall predicted rate of duplicate gene loss is not excessive relative to the 85% to 91% loss rate seen in these blocks genome wide . Secondly, the occurrence of rice and M. truncatula Aux/ IAA loci in subgroups that lack Arabidopsis sequences also indicates the loss of ancestral Aux/IAA genes in the Arabidopsis lineage. These losses are consistent with estimates that 10% to 15% of genes present in other Rosid and Asterid eudicots are absent from Arabidopsis (Allen, 2002) .
Reasonable alternatives to some of the assumptions in our evolutionary history reconstruction methodology can be envisioned. Alternate phylogenetic reconstructions would lead to different evolutionary histories, a consideration we did explore to some extent. It is also possible that some loci are located near each other within existing segments or in homologous segments by coincidence due to chromosomal rearrangements rather than tandem and segmental duplications. The conserved colinearity of gene order that was used to identify the chromosomal blocks in the first place and confirmation from a subsequent analysis of chromosomal duplications (Blanc et al., 2003) , however, provide evidence that our methodology has produced a realistic evolutionary history scenario (see below).
Ages of Aux/IAA Family and Chromosomal Duplications
The presence of at least one Aux/IAA gene in Physcomitrella indicates that the Aux/IAA family dates to near the time of origin for land plants. The P. patens Aux/IAA gene has been found to be auxin-regulated, indicating that aspects of Aux/IAA function have also Contrasting Aux/IAA and ARF Gene Family Diversification been conserved in land plants (Imaizumi et al., 2002) . Under the likely scenario that the ARF and Aux/IAA sequences comprise sibling gene families, the Aux/IAA family would have already undergone a number of duplications by the time the bryophyte and vascular plant lineages diverged some 450 to 700 Mya (Hedges, 2002 ). All of the major subgroups of group A and B Aux/IAA loci and most ancestors of ARF sister pairs appear to have originated before the monocot-eudicot divergence 136 to 168 Mya (Wikstrom et al., 2001 ). Most of the sister pairs of Arabidopsis Aux/IAA sequences, which appear to have originated during the most recent round of genomic duplication in Arabidopsis, arose after the divergence of the eurosids I and II clades.
Using a tentative protein sequence divergence clock, Vision et al. (2000) estimated the date of the most recent duplication of the Arabidopsis genome (age class C) at approximately 100 Mya. The topology of M. truncatula loci relative to Arabidopsis sister pairs is consistent with this estimate if the oldest of the estimated dates for the eurosid I-II divergence is used. More recent estimates have placed this duplication event within the eurosids II clade, substantially after the divergence of the lineages leading to Arabidopsis and Gossypium hirtum (Blanc et al., 2003) . That split is estimated to have occurred 81 to 94 Mya (Wikstrom et al., 2001) .
Four of the blocks involving Arabidopsis sister pairs were assigned to age class D by Vision et al. (2000) , but the positions of M. truncatula Aux/IAA loci indicate that at least block 30 and either block 6 or block 77 diverged more recently, within the eurosids II lineage. Also, the block 6 and 7 duplications must have been separate events if these two blocks do in fact overlap. The base evolutionary history reconstruction (which assumes that IAA27/PAP2 also belongs to segment 5b) also favors an earlier origin for block 5. The results reported here are consistent with the findings of Blanc et al. (2003) , who conclude that blocks 6, 30, and 77 are recent and contemporaneous with each other, while block 5 is older, and Raes et al. (2003) , who dated blocks 6 and 30 as being approximately 70 My old and block 5 as approximately 135 My old. Another discrepancy is block 53, which was assigned to age class C by Vision et al. (2000) , but which Blanc et al. (2003) propose belongs to an earlier age class.
All our evolutionary history reconstructions, including those in which the phylogenetic tree constraint was relaxed, suggest that nearly all of the early branching points in the Aux/IAA phylogeny were tandem duplications. The apparent antiquity of the gene family requires that the initial duplications must have occurred near or before the emergence of land plants. The 5a-6a-7a region of chromosome 1, which contains four Aux/IAA loci in separate sublineages, may resemble the arrangement of the ancestral Aux/IAA genes. One intriguing implication of this hypothesis is that this region represents an intact remnant of the ancestral land plant genome that has not been broken up by chromosomal rearrangements for perhaps hundreds of millions of years, a possibility anticipated by Paterson et al. (1996) .
Evidence for Predicted Older Duplications
In addition to the block duplications identified by Vision et al. (2000) , a number of additional nontandem gene duplications are inferred in the base reconstruction of the Aux/IAA family. Four additional inferred duplication events involve multiple ancestral loci, suggesting that they may represent older duplicated blocks rather than dispersed duplications of individual genes. At least three of these older duplications are also supported by a more recent analysis (Blanc et al., 2003) . The ancestor of block 77 and at least part of blocks 5 and 6 appears to represent an older duplicated block, attested by nodes o and p (Figs. 1 and 4) and by Blanc et al. (2003) . Secondly, block 72 also appears to share a common origin with at least some of blocks 5 and 6, represented by node n, assuming that IAA16 and/or IAA28 are associated with block 72 but have lost their respective duplicates. Blanc et al. (2003) include IAA16, but not IAA28, within the block 72 region and identify node n as part of an old segmental duplication. Thirdly, blocks 13 and 30 appear to share a common ancestor that includes node m, which is also verified by Blanc et al. (2003) . Finally, an early duplication of a chromosomal segment containing the ancestors of all modern group A and B loci is putatively represented by nodes f and g. The segment 5a-6a-7a and 29a-30a regions, respectively, appear to be the most extensive intact remnants of this inferred block. Blanc et al. (2003) associate node f with a segmental duplication, but our association of this node with the more extensive duplication of Aux/IAA loci that also includes node g depends on the assumption that IAA28 is actually part of segment 72b.
The Blanc et al. (2003) analysis also verifies that nodes j and k belong to the same duplication event, as our reconstruction predicts, with IAA27 included in segment 5b. Their analysis also provides evidence of the ancient tandem duplication of node b and that this duplication involved a multiple-gene region corresponding to our predicted tandem duplication involving nodes b and c. Overall, the Blanc et al. (2003) study provides extensive confirmation for the major features of our evolutionary history reconstruction. Many of the details remain uncertain, however, and the alternate scenario (Supplemental Fig. 2 ) is also largely consistent with the Blanc et al. (2003) analysis.
Evolutionary and Functional Implications
One of the most striking findings of this study is the correspondence of all 10 Aux/IAA sister locus pairs with block duplications and an overall elevated level of retention for segmentally duplicated Aux/IAA genes. Throughout the genome, only about 15% of Remington et al. dispersed (i.e. nontandem) duplicated gene pairs have been found to be associated with duplicated chromosomal blocks . Thus, it is remarkable that all of the most recent duplication events represented in the extant Aux/IAA family are associated with such blocks.
By contrast, relatively little diversification has occurred in the ARF family since the monocot-dicot divergence except for the recent tandem proliferation that produced the class I# ARF subgroup, and at least some of the eight loci in this cluster are likely to be pseudogenes. The recent episode of tandem proliferation in the ARF family is another interesting contrast with the Aux/IAA family, in which there is no evidence of tandem duplication events within the last approximately 100 Myr. Only one of eight ARF sister pairs was associated with a duplicated block, a ratio more typical of the Arabidopsis genome. It appears that the most recent round of genomic duplication within the Eurosids II lineage, which may have given rise to nearly all of the Aux/IAA sister pairs, produced almost no long-term expansion of the ARF family. While doubtless many duplicated blocks remain to be identified, it would be surprising if the ARF genes were, as a group, to be preferentially represented in unidentified blocks. However, we cannot exclude the possibility that the early branching events in the ARF family were the result of extremely ancient segmental duplications that are now undetectable.
Why, then, have so many of the segmental duplications of IAA genes persisted? One hypothesis is that Aux/IAA loci that are duplicated simultaneously with the rest of the genome might be more viable than those duplicated singly, as they would then maintain proper dosage relationships with interacting proteins. Aux/ IAA proteins regulate gene expression indirectly by interacting with ARF proteins and with auxin signaling mechanisms. Aux/IAA proteins can dimerize with each other as well as forming IAA/ARF heterodimers (Kim et al., 1997) , so degenerative mutations in duplicated genes could deleteriously affect the normal function of these complexes (Hughes and Hughes, 1993; Gottlieb and Ford, 1997) . Segmentally duplicated genes encoding 20S proteosome subunits also appear to have been preferentially retained in Arabidopsis, suggesting that loss of stoichiometry is costly for these multimeric protein complexes (Cannon and Young, 2003) . It is possible that dimerizing Aux/IAA proteins inhibit each other's activities in order to maintain appropriate regulatory homeostasis. Consistent with this idea, gain-of-function mutations in several IAA genes cause contrasting phenotypes. For example, gain-of-function iaa14/slr, iaa3/shy2, and iaa28 mutants, which represent both major Aux/IAA groups and two distinct group A subgroups, have reduced numbers of lateral roots (Tian and Reed, 1999; Rogg et al., 2001; Fukaki et al., 2002) , whereas gain-of-function iaa7/axr2 and iaa17/axr3 mutants, from the same subgroup as IAA14/SLR, show the opposite phenotype (Liscum and Reed, 2002) . Moreover, IAA3/SHY2 and IAA17/ AXR3, encoded by adjacent genes, have been shown to interact antagonistically to regulate root hair development (Knox et al., 2003) . Such balancing need not act solely on proteins that interact physically, as different Aux/IAA proteins might instead act in different tissues to maintain proportional auxin responses in different cell types or organs. The quite distinct expression patterns of P SHY2/IAA3 ::GUS (b-glucuronidase) and P AXR2/IAA7 ::GUS (Tian et al., 2002) suggest that a more indirect model of this type is plausible. By contrast, the products of ARF genes directly regulate transcription as DNA-binding proteins (Hagen and Guilfoyle, 2002) . This more direct regulatory mechanism may have resulted in minimal constraints on the degenerative loss of duplicated sets of ARF genes.
The hypothesis described above does not preclude the possibility that some of the retained segmental duplicates may have undergone subsequent divergence in function, either through subtle changes in their interactions with other proteins or in their expression patterns. Some lines of evidence support a degree of functional divergence between sister segmental duplicate Aux/IAA genes. Mutants at sister segmental duplicates IAA7/AXR2 and IAA14/SLR display contrasting root development phenotypes, as discussed above. IAA7/AXR2 and IAA8 both require de novo protein synthesis for auxin-responsive expression, but their respective sister loci do not (Abel et al., 1995) . However, evolution of new developmental roles (Ohno, 1970) or complementary loss of multiple ancestral functions (Force et al., 1999) do not explain why segmentally duplicated Aux/IAA genes would have been preferentially maintained over individually duplicated loci.
Another possibility is that remote cis-regulatory elements required for Aux/IAA transcription are retained only when sufficiently large chromosomal regions are duplicated. Under this model, more localized duplications of chromosomal segments containing Aux/IAA genes without regulatory elements would result in nonfunctional genes. Remote enhancers have been found to regulate expression of several mammalian regulatory genes, including HoxD cluster genes (Herault et al., 1997; Kmita et al., 2002) , b-globin genes (Dillon et al., 1997) , and Sonic hedgehog (Lettice et al., 2002) , and long-distance regulatory elements have also been found to be required for paramutation at the maize (Zea mays) b1 locus (Stam et al., 2002) . In the first two of these cases, regulation occurs in a distance-dependent manner that affects the relationship between locus order and expression patterns. An analogous mechanism in the Aux/IAA family could explain both the preferential preservation of loci in duplicate blocks and differences in mutant phenotypes among Aux/IAA genes.
Our results should provide useful guidance for further Aux/IAA functional studies. In particular, possible functions of protein regions outside the four conserved motifs should be considered. We observed short regions with considerable protein sequence Contrasting Aux/IAA and ARF Gene Family Diversification similarity between group A subgroups, especially in the regions to the N-terminal side of motif I, between motifs I and II, and between motifs III and IV. Considering that the group A subgroups appear to have diverged more than 150 Mya, this sequence conservation implies substantial selective constraint on these regions. It would be of interest to determine whether mutations occurring outside the conserved motifs I to IV have visible phenotypes that would help identify possible functional roles.
Sequence conservation is also observed among several Aux/IAA sister pairs in upstream flanking sequences containing shared AuxRE motifs (Fig. 2) . These AuxREs are likely to be functionally important in the observed transcriptional activation of Aux/IAA genes by auxin (Gray et al., 2001; Tiwari et al., 2001 Tiwari et al., , 2003 Hagen and Guilfoyle, 2002) . Consequently, conservation of these motifs and surrounding regions suggests that transcriptional regulatory patterns are likely to have been conserved among sister loci as well. Contrasting Aux/IAA and ARF Gene Family Diversification
The ages of the Aux/IAA lineages and relative branch lengths in the neighbor-joining tree (Fig. 1 ) also argue that all of the genes are likely to be functional. Transcripts of IAA15 could not be detected by northern hybridization (Abel et al., 1995) , leading to the suggestion that it may be a pseudogene. None of the Arabidopsis Aux/IAA sequences, however, have premature stop codons or inordinately long branch lengths that would be characteristic of pseudogenes. By contrast, the ARF subgroup consisting of the loci from the recent tandem proliferation plus ARF23 appears more likely to contain one or more pseudogenes. This subgroup is separated from its sister locus, ARF9, by a long internal branch indicating accelerated evolution due to a possible loss of selective constraint, and ARF23 contains an internal stop codon. A search of public databases revealed no ESTs that would provide evidence of expression for any of the genes in this subgroup, with the exception of a single EST similar to ARF14 (Hagen and Guilfoyle, 2002) .
SUMMARY
Studies of chromosomal duplications in Arabidopsis have already proved useful for phylogenetic analyses of gene families and vice versa (Barakat et al., 2001; Rosenquist et al., 2001; Vandepoele et al., 2002) . In this study, we have combined traditional phylogenetic analysis with information on chromosomal duplications in Arabidopsis to obtain insight into both genome evolution and the biology of the Aux/IAA and ARF gene families. One useful outcome has been to obtain refined estimates for the ages of several chromosomal block duplications relative to the divergence of major angiosperm lineages. This approach shows great promise in allowing a more detailed reconstruction of the evolutionary history of plant genomes than would be possible in the absence of phylogenetic information. Secondly, we have identified possible additional duplications not detected in the earlier analysis , using reasoning similar to that of other recent studies (Simillion et al., 2002; Blanc et al., 2003) . These additional duplications were found to be largely consistent with the results of the analysis by Blanc et al. (2003) . Finally, we obtained evidence for biased preservation of duplicated Aux/ IAA loci, but not ARF loci, in chromosomal blocks within the Arabidopsis lineage, which raises new questions about the modes of diversification in these two gene families. Table I . Arabidopsis ARF amino acid sequences were also obtained from GenBank, and annotations were edited by the authors as noted in Table I . ARF protein sequences from rice were obtained from GenBank. Aux/IAA and ARF protein sequences were manually aligned. The primary alignments of translated Aux/IAA and ARF sequences used in this study are available from the authors at the following Web site: http://www.uncg.edu/~dlreming.
MATERIALS AND METHODS
The Aux/IAA protein sequences could be aligned with a high degree of confidence in the conserved motifs I, II, III, and IV (Abel et al., 1995) . Outside these motifs, alignments are reliable only between closely related sequences. Including these variable regions, however, provided useful resolution among more closely related sequences. This additional resolution was an important consideration with the Aux/IAA family, as the sequences are short (158-338 amino acids in Arabidopsis). Various possible alignments between dissimilar sequences appear to have comparable proportions of matching amino acids, so it is unlikely that alignment errors would greatly affect the results of distance-based phylogenetic analyses. To test the sensitivity of tree reconstruction to alignment ambiguities, we conducted analyses with three alternate alignments that differed in the more variable regions. An additional sequence (IAA33), which shows evidence of homology to Aux/IAA and ARF proteins but lacks most of motif III, was not included. Phylogenetic analysis of ARF protein sequences used only the conserved N-terminal DNA-binding domain and the conserved C-terminal region corresponding to the Aux/IAA motif III-IV region.
Neighbor-joining analyses of the Arabidopsis Aux/IAA and ARF sequences were conducted in PHYLIP 3.5 (Department of Genetics, University of Washington, Seattle; http://evolution.genetics.washington.edu/phylip.html) using the PAM matrix of Dayhoff (1979) , with 500 bootstrap replicates and randomized sequence input order. Sites with gaps in pairwise comparisons were treated as missing data. Analyses including non-Arabidopsis Aux/IAA sequences were conducted in a similar manner, but only 100 bootstrap replicates were generated. Maximum parsimony analyses were also conducted using the PROTPARS algorithm of PHYLIP. Gaps were recoded so as to be treated as missing characters. In order to reciprocally root the Aux/IAA and ARF phylogenies, neighbor-joining and maximum parsimony trees were constructed from alignments of 71 sites in the homologous motif III-IV regions of the Aux/IAA proteins and seven ARF proteins representing the primary ARF subgroups (ARF2, -4, -5, -10, -11, -12, and -16).
Reconstruction of Gene Duplication Histories
Chromosomal positions of all known and predicted Aux/IAA loci were obtained from The Arabidopsis Information Resource (TAIR) database (http://www.arabidopsis.org/home.html). These were compared against the genomic duplication dataset of Vision et al. (2000) , available at http:// www.bio.unc.edu/faculty/vision/lab/arab/science_supplement, in order to identify duplicated blocks encompassing each locus. A block is defined as a pair of chromosome segments that are believed to be descended from a common ancestral segment (hereafter referred to as homologous segments). The chromosomal locations for some of the Aux/IAA genes were not listed in the duplication dataset, but cross-referencing with more recent assemblies of the genome allowed unambiguous determination of their locations with respect to blocks.
Reconstruction of the Aux/IAA evolutionary history involved a two-stage process (see supplemental material for details). In the first stage, each node of the phylogenetic tree was classified as a segmental, tandem, or dispersed duplication, starting with the most terminal nodes and working backward in topological order (Sedgewick, 1990) . Classification of nodes was based on the occurrence and positions of loci in homologous duplicated chromosomal segments or their ancestral segments among the two daughter lineages of each node. Locus pairs in homologous segments were evaluated for their status as anchor loci for the inferred segmental duplication . The mode of duplication at some nodes could not be fully classified at this stage. In the second stage, duplication events involving ancestral chromosome segments were reconstructed in a forward direction, beginning with the inferred single ancestral locus. The reconstruction process resulted in a number of possible evolutionary history scenarios, which differ from each other in the order of some independent duplication events and in the mode of duplication at nodes that could not be fully classified in the first stage. We selected a single base scenario from among the various alternatives, based on additional evidence, such as the relative sequence divergence of loci descending from common ancestors on the inferred ancestral chromosomal segments and the degree of support for putative anchor loci. We cannot ensure, however, that our methodology will identify all plausible evolutionary history scenarios, or that all the scenarios that it generates will be plausible.
